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NMRPiscidin 1 (Pis-1) is a novel cytotoxic peptide with a cationic α-helical structure isolated from the mast cells
of hybrid striped bass. In our previous study, we showed that Pis-1[PG] with a substitution of Pro8 for Gly8 in
Pis-1 had higher bacterial cell selectivity than Pis-1. We designed peptoid residue-substituted peptide, Pis-1
[NkG], in which Gly8 of Pis-1 was replaced with Nlys (Lys peptoid residue). Pis-1[NkG] had higher
antibacterial activity and lower cytotoxicity against mammalian cells than Pis-1 and Pis-1[PG]. We
determined the tertiary structure of Pis-1[PG] and Pis-1[NkG] in the presence of DPC micelles by NMR
spectroscopy. Both peptides had a three-turn helix in the C-terminal region and a bent structure in the
center. Pis-1[PG] has a rigid bent structure at Pro8 whereas Pis-1[NkG] existed as a dynamic equilibrium of
two conformers with a ﬂexible hinge structure at Nlys8. Depolarization of the membrane potential of
Staphylococcus aureus and confocal laser-scanning microscopy study revealed that Pis-1[NkG] effectively
penetrated the bacterial cell membrane and accumulated in the cytoplasm, whereas Pis-1[PG] did not
penetrate the membrane but remained outside or on the cell surface. Introduction of a lysine peptoid at
position 8 of Pis-1 provided conformational ﬂexibility and increased the positive charge at the hinge region;
both factors facilitated penetration of the bacterial cell membrane and conferred bacterial cell selectivity on
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The development of antibiotic-resistant bacterial strains and the
potential cytotoxicity of antibiotic agents necessitates continuing efforts
to identify more potent and safer antibiotic agents. Endogenous
antimicrobial peptides and derivatives thereof are attractive candidates
in this context. Antimicrobial peptides have been isolated from a wide
range of animal, plant and bacterial species and are known to playimportant roles in the host defense system and innate immunity of all
species [1–3]. Antibiotic action appears to involve depolarization or
permeabilization of the bacterial cell membrane, although the detailed
mechanisms are not fully understood [4–7]. Their structures have been
studied by NMR spectroscopy [8–11]. The antimicrobial activity of
antimicrobial peptides results from an ability to adopt an amphipathic
structure that includes an α-helix and a β-sheet or β-turn.
Piscidin, isolated from the tissues of hybrid striped bass (Morone
saxatilis xMorone chrysops), an important aquaculture ﬁsh [12–14], is
a member of the ﬁrst family of antimicrobial amphipathic cationic
peptides identiﬁed in ﬁsh. Piscidin is produced by mast cells, which
are immune cells of uncertain function present in all vertebrates, and
plays an important role in the innate immune system of ﬁsh. Of all
piscidin peptides identiﬁed, the 22-amino acid peptide, piscidin 1
(Pis-1), has the highest antibacterial activity [13–15]. Piscidin
structure was recently studied by solution and solid-state nuclear
magnetic resonance (NMR). These studies showed that Pis-1 adopts
an amphipathic α-helical conformation with hydrophilic and hydro-
phobic residues on opposing sides, similar to many other linear α-
helical antimicrobial peptides [16,17]. Pis-1 has an α-helix from Gly8
to His17 in dodecylphosphocholine (DPC) micelles, which mimic a
neutral membrane system [18]. However, our previous studies
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micelles, which mimic a negatively charged bacterial cell membrane
[17]. Because piscidin is a highly positively charged amphipathic
peptide, it is possible that it adopts a more stable α-helical con-
formation in negatively charged SDS micelles than in neutral DPC
micelles.
The proline residue plays a critical role in determining peptide
secondary structure because it induces a reversal in backbone
conformation resulting in the breaking of a helix and formation of a
β-turn as shown in caerin 1.1, buforin and pardaxin [19–22]. It has
been reported that insertion of a proline residue in the central region
of peptides induces a hinge structure and reduces hemolytic activity
[23–26]. For example, introduction of proline residues into the linear
α-helical antimicrobial peptide, IsCT, a non-cell-selective antimicro-
bial peptide isolated from the scorpion Opisthacanthus madagascar-
iensis, induced bends in the structure and caused a drastic decrease in
cytotoxicity toward mammalian cells [24]. Previously, we showed
that the Pis-1 analog, Pis-1[PG], with a substitution of Pro8 for Gly8,
had a bent structure in SDS micelles followed by a three-turn helix, in
the C-terminal region, and showed much higher bacterial cell
selectivity than did Pis-1 [17].
Peptoid (N-alkylglycyl) residues are imino acids by virtue of
having side chains that are shifted from the α-carbon position to the
N-position [27–30]. As with proline, a peptoid residue has a β-turn-
forming potential as well as the ability to break an α-helix because
peptoids lack the amide proton necessary for forming intramolecular
hydrogen bonds. Drug discovery efforts focused on peptoid residue-
containing peptides that mimic the structure of parent peptides
represent a new frontier in rational drug development [29,30], and
recent progress in chemical synthesis and design have led to several
strategies for production of such modiﬁed peptides. Substitution with
peptoid can improve antibiotic cellular uptake and provide greater
proteolytic stability, thus increasing bioavailability. We have reported
that the peptoid-substituted antimicrobial peptides had increased
bacterial cell selectivity arising from changes in the mode of
antibacterial action, from an initial membrane-targeting mechanism
to a possible intracellular mode of activity [31–33].
In the present study, we designed Pis-1[PG] analog, Pis-1[NkG], by
substituting Lys peptoid residue (Nlys), for the parental proline. We
evaluated the biological activities of peptides, measuring toxicity
against bacteria and mammalian cells, as well as the ability to
permeabilize model phospholipid membranes. Furthermore, to
elucidate the role of bent structures conferred by proline and peptoid
on their mechanism of actions, we determined the tertiary structures
of Pis-1[PG] and Pis-1[NkG], in membrane-mimicking environments,
using NMR spectroscopy. The structure–activity relationships of these
peptides should help in an understanding of their mechanism of
action and the selectivity for bacterial cell membranes and thus aid in
the design of novel, potent, bacteria-selective antimicrobial peptides.
2. Materials and methods
2.1. Synthesis of Fmoc-Nlys(Boc)
Diamino-butane was dissolved in CHCl3 with stirring and the
stirred solution was cooled in an ice bath, and (Boc)2O (1.3 equiv) in
CHCl3 was added dropwise. The solution was stirred for an additional
24 h at room temperature, and the solvent was evaporated to dryness
in vacuo. The resulting oil was dissolved in ether and washed with
brine. Crude product was obtained by drying the ether layer onMgSO4
and evaporating to dryness in vacuo. Benzyl 2-bromo acetate (1.0
equiv), N-Boc diaminobutane (1.1 equiv) and Et3N (1.1 equiv) were
dissolved in CH2Cl2 and stirred at room temperature for 5 h. After an
extractive work-up, the organic phase was dried over MgSO4, ﬁltered
and concentrated. The resulting crude product was puriﬁed by column
chromatography on silica gel (43% yield). The product, Fmoc-OSu (1.0equiv) and Et3N (1.0 equiv) were dissolved in CH3CN and the mixture
was stirred for 12 h. After evaporating the solvent, the crude material
was puriﬁed by column chromatography to give the product (30%
overall yield). Under aH2 atmosphere, 10% Pd-Cwas added to a solution
of product in methanol. After stirring for 6 h, the mixture was ﬁltered
through Celite and concentrated (80% yield).
2.2. Peptide synthesis
The peptides and FITC-labeled peptides were prepared by the
standard Fmoc-based solid-phase method. DCC (dicyclohexylcarbo-
diimide) and HOBt (N-hydroxybenzotriazole) were used as coupling
reagent, and 10-fold excess Fmoc-amino acids were added during
every coupling cycle. After cleavage and deprotection with a mixture
of triﬂuoroacetic acid/water/thioanisole/phenol/ethanedithiol/trii-
sopropylsilane (81.5:5:5:5:2.5:1, v/v/v/v/v/v) for 2 h at room
temperature, the crude peptides were repeatedly extracted with
diethyl ether and puriﬁed by reverse phase HPLC on a preparative
Vydac C18 column (15 μm, 20×250 mm) using an appropriate 0–90%
water/acetonitrile gradient in the presence of 0.05% triﬂuoroacetic
acid. The ﬁnal purity of the peptides (N98%) was assessed by reverse
phase HPLC on an analytical Vydac C18 column (4.6×250 mm, 300 Å,
5-μm particle size). The molecular mass of the puriﬁed peptides was
determined by MALDI-TOF MS (matrix-assisted laser-desorption
ionization-time-of-ﬂight mass spectrometry) (Shimadzu, Japan).
2.3. Antimicrobial activity
Escherichia coli KCTC 1682, Pseudomonas aeruginosa KCTC 1637,
Salmonella typhimurium KCTC 1926, Bacillus subtilis KCTC 3068,
Staphylococcus epidermidis KCTC 1917 and Staphylococcus aureus
KCTC 1621 were purchased from the Korean Collection for Type
Cultures, Korea Research Institute of Bioscience & Biotechnology
(Taejon, Korea). Antimicrobial activities of the peptides against
selected organisms, including three Gram-positive and three Gram-
negative bacteria, were determined using a broth microdilution assay.
Brieﬂy, single colonies of bacteria and fungi were inoculated into LB
and cultured overnight at 37 °C. An aliquot of the culture was
transferred to 10 ml fresh LB and incubated for an additional 3–5 h at
37 °C until mid-logarithmic phase. Two-fold serial dilutions of
peptides in 1% peptone were prepared. Diluted peptides (100 μl)
were added to 100 μl cells (2×106 CFU/ml) in 96-well microtiter
plates and incubated at 37 °C for 16 h. The lowest concentration of
peptide that completely inhibited growth was deﬁned as the minimal
inhibitory concentration (MIC). MIC values were calculated as the
average from triplicate measurements in three independent assays.
2.4. Hemolytic activity
Hemolytic activity of peptides was tested against human red blood
cells (hRBCs). Fresh hRBCs were washed three times with phosphate-
buffered saline (PBS; 35 mM phosphate buffer containing 150 mM
NaCl, pH 7.4) by centrifugation for 10 min at 1000×g and then
resuspended in PBS. The peptide solutions were then added to 50 μl
hRBCs in PBS to give a ﬁnal volume of 100 μl and a ﬁnal erythrocyte
concentration of 4% (v/v). The resulting suspension was incubated
with agitation for 1 h at 37 °C. The samples were then centrifuged at
1000×g for 5 min, and release of hemoglobin was monitored by
measuring the absorbance of the supernatant at 405 nm. No
hemolysis (blank) and 100% hemolysis controls consisted of hRBCs
suspended in PBS and 0.1% Triton X-100, respectively. Percent
hemolysis was calculated using the following equation:
Hemolysis %ð Þ = ½ðOD405nm sample−OD405nm zero lysisÞ
= ðOD405nm100%lysis–OD405nm zero lysisÞ × 100:
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The NIH-3T3 ﬁbroblast cell line was obtained from the Korea
Research Institute of Chemical Technology (KRICT) (Daejon, Korea).
Cells were cultured in DMEM supplemented with 10% fetal bovine
serum and antibiotic/antimyotic solution (100 units/ml penicillin,
100 μg/ml streptomycin and 25 μg/ml amphotericin B) at 37 °C in a
humidiﬁed 5% CO2 atmosphere. Cells were maintained in suspension
or as monolayer cultures and subcultured. Cytotoxicity against
mammalian cells of the peptides was evaluated using a MTT assay.
The cells were seeded to each wells containing 100 μl of cell
suspension (2×104 cells/wells) and then incubated at 37°C in a 5%
CO2 atmosphere for 24 h. The plates were added to various con-
centrations of the peptides and then, incubated for additional 24 h.
After 24 h incubation, 20 μl of MTT solution was added to each well
and the plate was incubated for 4 h. The amount of resulting formazan
was determined by measuring the absorbance at a wavelength
570 nm using a microplate reader.
2.6. Calcein leakage assay
Calcein-entrapped large unilamellar vesicles (LUVs) composed of
egg yolk L-α-phosphatidylethanolamine (PE)/egg yolk L-α-phospha-
tidylglycerol (PG) (7:3, w/w) and egg yolk L-α-phosphatidylcholine
(PC)/ cholresterol (CH) (10:1, w/w) were prepared by vortexing
dried lipids in dye buffer solution (70 mM calcein, 10 mM Tris,
150 mM NaCl, 0.1 mM EDTA, pH 7.4). The suspension was subjected
to 10 cycles of freeze–thaw in liquid nitrogen and extruded through
polycarbonate ﬁlters (two stacked 100-nm pore-size ﬁlters) using a
LiposoFast extruder (Avestin, Inc. Ottawa, Canada). Untrapped calcein
was removed by gel ﬁltration on a Sephadex G-50 column. Passing
through a Sephadex G-50 column usually resulted in approximately a
10-fold dilution of lipid vesicles. The eluted calcein-entrapped vesicles
were diluted further to achieve the desired ﬁnal lipid concentration of
64 μM for experiments. The leakage of calcein from LUVs was
monitored by measuring ﬂuorescence intensity at an excitation
wavelength of 490 nm and an emission wavelength of 520 nm on a
model RF-5301PC spectrophotometer (Shimadzu, Kyoto, Japan).
Vesicles dissolved in 10% Triton X-100 in Tris-buffer (20 μl) were
used to establish 100% dye release. The percentage of dye-leakage
caused by the peptides was calculated as follows:
Dye−leakage %ð Þ = 100 × ðF−F0Þ = ðFt−F0Þ
where F is the ﬂuorescence intensity of peptide-treated vesicles, and
F0 and Ft are ﬂuorescence intensities without the peptides and with
Triton X-100, respectively.
2.7. Preparation of small unilamellar vesicles
Small unilamellar vesicles (SUVs) for circular dichroism (CD)
experiments were prepared according to a standard procedure using
the required amounts of egg yolk PE/PG (7:3, w/w) or egg yolk PC/
cholesterol (10:1, w/w). Dry lipids were dissolved in chloroform,
deposited as a ﬁlm on the wall of a glass vessel and then lyophilized
overnight. Dried thin ﬁlms were resuspended in Tris–HCl buffer by
vortexing. The lipid dispersions were then sonicated in ice water for
10–20 min using a titanium-tip ultrasonicator until the suspension
became transparent.
2.8. CD analysis
CD experiments were performed using a J810 spectropolarimeter
(Jasco, Tokyo, Japan) with a 1-mm path-length cell. The CD spectra
were recorded at 25 °C in 0.1-nm intervals from 190 to 250 nm. CD
spectroscopy was used to investigate the secondary structure adoptedby peptides in the following membrane environments: 50 mM DPC
micelles, 100 mM SDS micelles and 1 mM solutions of SUVs
comprised of egg yolk PC/cholesterol (10:1, w/w) or 1 mM egg yolk
PE/egg yolk PG (7:3, w/w). Also, we performed CD experiments at
different concentrations of DPC micelles (5–150 mM) for 100 μM
peptide to estimate the contents of α-helical structure at different
peptide/lipid (p/l) ratio. The peptide concentration was 100 μM for
DPC and SDS micelles at pH 4.1 and it was 50 μM in SUV at pH 7.2. For
each spectrum, the data from 10 scans were averaged and smoothed
using J810 software. CD data were expressed as the mean residue
ellipticity [θ] in deg cm−2 dmol−1.
2.9. Membrane depolarization
The ability of peptides to induced membrane depolarization was
determined using intact S. aureus cells and the membrane potential-
sensitive ﬂuorescent dye, 3,3′-dipropylthiadicarbocyanine iodide
(diSC3-5), following the methods of Friedrich et al. [34]. S. aureus was
grown at 37 °C with agitation to mid-log phase (OD600=0.4) and
harvested by centrifugation. The cells were washed twicewithwashing
buffer (20 mM glucose, 5 mM HEPES, pH 7.4) and resuspended to an
OD600 of 0.05 in a similar buffer containing 0.1 M KCl. Thereafter, cells
were incubated with 20 nM diSC3-5 until a stable reduction of
ﬂuorescence was achieved, indicating incorporation of the dye into
thebacterialmembrane.Membranedepolarizationwas thenmonitored
by observing the change in the intensity of ﬂuorescence emission of
diSC3-5 (λex=622 nm, λem=670 nm) after the addition of peptides.
Full dissipation of the membrane potential was obtained by adding
gramicidin D (0.2 nM ﬁnal concentration). The membrane potential-
dissipating activity of the peptides was calculated as follows:
%Membrane depolarization = 100 × ½ðFp−F0Þ= ðFg−F0Þ
where F0 is the stable ﬂuorescence value after addition of the DiSC3-5
dye, Fp is the ﬂuorescence value 5 min after addition of the peptides,
and Fg is the ﬂuorescence signal after the addition of gramicidin D.
2.10. Confocal laser-scanning microscopy
E. coli cultures were grown to mid-log phase. E. coli cells (107 CFU/
ml) in 10 mM PBS, pH 7.4, were incubated with FITC-labeled peptides
(5 μg/ml) at 37 °C for 30 min, washed with PBS and immobilized on a
glass slide. Fluorescent images of FITC-labeled peptides were obtained
with a 488-nm band-pass ﬁlter for FITC excitation using an Olympus
IX 70 confocal laser-scanning microscope (Olympus, Tokyo, Japan).
2.11. NMR analyses
The spectra of peptoid-substituted peptides showed severe
spectral overlapping in SDS micelles. Therefore, peptides were
dissolved at 1.0 mM in 0.45 ml of 9:1 (v/v) H2O/D2O (pH 4.1),
containing 50–150 mM DPC micelles prepared from perdeuterated
DPC (Cambridge Isotope Laboratories, Andover, MA). The best NMR
spectra were obtained using 150 mMDPCmicelles at a temperature of
313 K.
Phase-sensitive two-dimensional experiments, including double-
quantum-ﬁltered correlation spectroscopy (DQF-COSY), total correla-
tion spectroscopy (TOCSY) and nuclear Overhauser effect spectroscopy
(NOESY), were performed by time-proportional phase incrementation
[35–38]. For TOCSY and NOESY experiments, 450 to 512 transients with
2 K complex data points were collected for each increment with a
relaxation delay of 1.2 s between successive transients. The data along
the t1 dimensionwere zero-ﬁlled to 1 K before two-dimensional Fourier
transformation. TOCSY experiments were performed using 50 and
80ms MLEV-17 spin-lock mixing pulses. Mixing times of 150, 250 and
350 mswere used for NOESY experiments. For DQF-COSY experiments,
Table 1
Amino acid sequences of Pis-1, Pis-1 [PG] and Pis-1[NkG].
Peptide Sequence Molecular mass Retention time
(Da) (min)
Pis-1 FFHHIFRGIVHVGKTIHRLVTG 2572.1 17.78
Pis-1[PG] FFHHIFRPIVHVGKTIHRLVTG 2612.1 17.43
Pis-1[NkG] FFHHIFRkIVHVGKTIHRLVTG 2643.2 15.50
k (Nlys): NH2-(CH2)4-NH-CH2-COOH.
Fig. 1. Dose-response of the hemolytic activity of Pis-1 and derivative peptides toward
human erythrocytes.
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increment, and the data along the t1 dimension were zero-ﬁlled to 4 K
before two-dimensional Fourier transformation. The 3JHNα coupling
constants were measured from the DQF-COSY spectra with a spectral
widthof 4194.631 Hzandadigital resolutionof 1.02 Hz/point. Chemical
shifts are expressed relative to the 4,4-dimethyl-4-silapentane-1-
sulfonate signal at 0 ppm. Intramolecular hydrogen bonding in the
peptides was investigated by calculating temperature coefﬁcients from
the TOCSY experiments at 303, 313, 318 and 323 K. All NMR spectra
were recordedon a Bruker 400-MHz spectrometer atKonkukUniversity
or a 600-MHz spectrometer at KBSI (Bruker DMX-600, Rheinstetten,
Germany). NMR spectra were processed with NMRPipe [39] and
visualized with Sparky [40].
2.12. Structure calculations
Distance constraints were extracted from the NOESY spectra with
mixing times of 150 and 250 ms. The volumes of the nuclear
Overhauser effects (nOes) between the two beta protons of the
phenylalanine residue were used as references. All other volumes
were converted into distances by assuming a 1/r6 distance depen-
dence. All NOE intensities were divided into three classes depending
on their distance ranges: strong, 1.8–2.7 Å; medium, 1.8–3.3 Å; and
weak, 1.8–5.0 Å [41,42]. Structure calculations were carried out using
XPLOR version 3.851 with the topology and parameter sets topallhdg
and parallhdg, respectively. The parameters and topologies of peptoid
residueswere generated using XPLO2D (version 2.1), which generates
the topologies and parameters of small compounds based on
compound coordinates [43,44]. The coordinates of cis and trans
isomers of peptoid residues were built and minimized using InsightII
packages (Accelrys Inc., San Diego, CA). Parameter generation using
XPLO2D was performed in a LINUX environment at Konkuk
university. Standard pseudoatom corrections were applied to the
non-stereospeciﬁcally assigned constraints [45], and an additional
0.5 Å was added to the upper bounds for NOEs involving methyl
protons [46]. A hybrid distance geometry-dynamical simulated
annealing protocol [47,48] was employed to generate the structures.
The target function that is minimized during simulated annealing
comprises only quadratic harmonic potential terms for covalent
geometry, square-well quadratic potentials for the experimental
distance and torsion angle constraints, and a quartic van der Waals
repulsion term for the nonbonded contacts. The target function did
not contain hydrogen bonding, electrostatic or 6–12 Lennard–Jones
empirical potential energy terms. A total of 100 structures were
generated, and the 20 structures with the lowest energies were
selected for further analysis. The chemical shifts, NMR-derived
constraints and Pis-1[PG] and Pis-1[NkG] coordinates are deposited
in the BMRB (accession numbers 3Z0Q0Z9, 3Z0Q0Z6 and 3Z0Q0Z5,
respectively).
3. Results
3.1. Peptide design
To investigate the effect of peptoid residue substitution on the
bacterial cell selectivity of Pis-1, we synthesized peptoid residue-
substituted peptide in which the glycine at position 8 was replaced
with Nlys. Pis-1 and Gly8→Nlys (Lys peptoid residue) analog, and the
Gly8→Pro analog are listed in Table 1. A helicalwheel diagramshowed
that Gly8 in Pis-1 was located at the boundary of the hydrophobic and
hydrophilic phase of the amphipathic α-helix [17]. Previous work has
shown that substitution of Gly8 with Pro in Pis-1[PG] increased
bacterial cell selectivity and introduced a bend or hinge in the Pis-1
[PG] structure at Pro8, followed by a three-turn helix. The relative
hydrophobicity of Pis-1 and its analogs was determined by measuring
retention times in reversed-phase high performance liquid chroma-tography (RP-HPLC). The rank order of relative hydrophobicity of
peptides was Pis-1[NkG]bPis-1[PG]bPis-1 (Table 1). Pis-1[NkG] was
more hydrophilic than the other peptides because of substitution of
the positively charged Nlys for Gly8.
3.2. Antimicrobial activity
We examined the antimicrobial activities of the peptides against a
representative set of bacterial strains, including three Gram-negative
bacteria (E. coli, S. typhimurium and P. aeruginosa) and three Gram-
positive species (B. subtilis, S. epidermidis and S. aureus). Pis-1, Pis-1
[PG] and Pis-1[NkG] were likewise similarly effective when assessed
using the geometric mean (GM) of MIC values from all bacterial
strains, as an overall measure of the antimicrobial activity of the
peptides.
3.3. Hemolytic activity
We next assessed the cytotoxicity of the peptides to mammalian
cells by measuring their ability to lyse human erythrocytes. Dose–
response curves (Fig. 1) showed that Pis-1[NkG] had much lower
hemolytic activities than had either Pis-1 or Pis-1[PG]. To develop a
quantitative measure of the hemolytic activity of the peptides, we
introduced the minimum hemolysis concentration (MHC), deﬁned as
the minimal peptide concentration that produced hemolysis. The
MHC values for Pis-1[PG] was 100 μM, while Pis-1[NkG] did not cause
hemolysis at concentrations as high as 200 μM, making it the most
bacterial cell-selective of all peptides tested (Table 2).
3.4. Cytotoxicity against mammalian cells
As an additional measure of mammalian cell cytotoxicity, we
determined the toxicity of the peptides against mouse ﬁbroblast NIH-
3T3 cells. The effects on cell growth, assessed by measuring the
mitochondrial reduction of MTT to a colored product by live cells, are
shown in Fig. 2. Pis-1 was remarkably cytotoxic against NIH-3T3 cell
at concentrations higher than 10 μM. In contrast, Pis-1[NkG] did not
Table 2
Antimicrobial and hemolytic activities of Pis-1 and derivative peptides against bacterial strains and hRBCs.
Peptide MIC (μM)a GM
(μM)b
MHC
(μM)c
Therapeutic index
(MHC/GM) d
Escherichia
coli
Pseudomonas
aeruginosa
Salmonella
typhimurium
Bacillus
subtilis
Staphylococcus
epidermidis
Staphylococcus
aureus
Pis-1 2.0 4.0 2.0 1.0 2.0 1.0 2.0 3.1 1.6
Pis-1[PG] 4.0 4.0 4.0 1.0 4.0 2.0 3.2 100 31
Pis-1[NkG] 2.0 4.0 4.0 1.0 2.0 4.0 2.8 200 b 140
a MIC were determined in three independent experiments performed in triplicate with a standard deviation of 14.0%.
b The geometric mean (GM) of the MIC values from all six bacterial strains in this table.
c The minimal peptide concentration that produces hemolysis. When no detectable hemolysis was observed at 200 μM, we used a value of 400 μM to calculate the therapeutic
index.
d The ratio of the MHC (μM) over the geometric mean (GM) of the MIC (μM). Larger values indicate greater cell selectivity.
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represents a good candidate for the development of novel bacterial
cell-selective antibiotic agent.
3.5. Peptide-induced permeabilization of lipid vesicles
We next studied whether the peptides caused membrane leakage
by testing their ability to evoke calcein release from LUVs. We
employed negatively charged LUVs composed of 7:3 (w/w) PE/PG to
mimic bacterial cell membranes. The percentage of calcein leakage
detected 5 min after exposure to the peptide was used as a measure of
membrane permeability. The dose–response curves of peptide-
induced calcein release are shown in Fig. 3. Pis-1 and Pis-1[PG]
were very effective at permeabilizing negatively charged vesicles. Pis-
1[NkG] was much less effective, producing only 5–15% leakage from
bacterial cell-mimetic membrane vesicles at their MIC. Thus, the
relative abilities of the peptides to induce leakage from negatively
charged vesicles were not correlatedwith their antibacterial activities.
3.6. Dose-dependent dissipation of S. aureus transmembrane potential
We used dose-dependent dissipation of the transmembrane
potential of intact S. aureus cells to further examine the ability of
the peptides to permeate bacterial membranes. Peptide-induced
membrane permeation causes a dissipation of the transmembrane
potential that can be monitored as an increase in ﬂuorescence arising
from release of the membrane potential-sensitive ﬂuorescent dye,
diSC3-5. Entry of diSC3-5 into the S. aureus membrane strongly
quenches the ﬂuorescence of the dye until dye levels are stabilized
within the membrane. Subsequent addition of peptides resulted in an
increase in diSC3-5 ﬂuorescence that reﬂected membrane potential
depolarization. We found that Pis-1 induced greater than 90% depo-Fig. 2. Growth inhibition dose–response curve for the Pis-1 and derivative peptides
against NIH-3T3 cells. Peptides are indicated as follows: Pis-1 (●), Pis-1[PG] (▽), Pis-1
[NkG] (■).larization in the cytoplasmic membrane of intact S. aureuswhen used
at the MIC value (1 μM) and completely depolarized the membrane at
2 μM (Fig. 4). These results strongly suggest that the bacterial
cytoplasmic membrane is a major target of the parental peptide.
Pis-1[PG] depolarized S. aureus membranes by about 40% when used
at the MIC value (2 μM), although the efﬁcacy of Pis-1[PG] increased
dramatically with rising concentrations of peptide. In contrast, Pis-1
[NkG] caused less than 10% depolarization when used at their MIC
values and exhibited much weaker dose-dependent depolarization of
transmembrane potential than did Pis-1 or Pis-1[PG]. Taken with the
results from the dye-leakage experiments, these membrane depolar-
ization experiments suggest that the antibacterial activity of Pis-1
[NkG] unlike those of the parental or proline-substituted peptide, may
not be caused by permeabilization of the bacterial cell membrane.
3.7. Confocal laser-scanning microscopy
To more precisely assess intracellular peptide localization, we
incubated E. coli with FITC-labeled peptides and examined peptide
distribution in the bacteria by confocal laser-scanning microscopy
(Fig. 5). The antimicrobial activity of FITC-labeled peptides was
identical to that of unlabeled peptides. FITC-labeled Pis-1 and Pis-1
[PG] did not enter the cell membrane. However, FITC-labeled Pis-1
[NkG] was found to penetrate the cell membrane and accumulate
inside E. coli, as observed for buforin-2, suggesting that the cytoplasm
is the major site of action of this peptide and implying that the
mechanism of action of Pis-1[NkG] might be related to inhibition of
some intracellular function.
3.8. CD measurement of Pis-1 and its analogs
To investigate the secondary structures of Pis-1, Pis-1[PG] and Pis-
1[NkG] in membrane-like environments, we analyzed the CD spectraFig. 3. Peptide-induced permeabilization of PE/PG (7:3, w/w) LUVs. Peptides are
indicated as follows: Pis-1 (●), Pis-1[PG] (▽), Pis-1[NkG] (■), melittin (◊).
Fig. 4. Dose-dependent dissipation of Staphylococcus aureus transmembrane potential
(OD600=0.05) by Pis-1 and derivative peptides. The membrane potential-dissipating
activity of the peptides was determined as described in Materials and methods.
1918 J.-K. Kim et al. / Biochimica et Biophysica Acta 1798 (2010) 1913–1925of these peptides dissolved in a variety of membrane-mimicking
environments. As shown in Fig. 6, the CD spectra for most of the
peptoid-substituted peptides exhibited double-negative bands at 208
and 222 nm in 50 mM DPC, 100 mM SDS, 1 mM PE/PG and 1 mM PC/Fig. 5. Confocal ﬂuorescence microscopic images of Escherichia coli cells. E. coli cells were inc
FITC-labeled Pis-1[NkG] (E and F) or FITC-labeled buforin-2 (G and H) at 37 °C for 30 min.
represent laser-scanning images of the ﬂuorescent-labeled peptides.cholesterol SUVs, suggesting that all peptides adopted an α-helical
structure in membrane-mimicking environments. The CD data
revealed that the helicity content of peptides in neutral membrane-
mimicking environments, such as the DPC micelle and PC/cholesterol
SUVs, was much lower than that in negatively charged membrane-
mimicking environments, such as SDS micelles and PE/PG SUVs. For
example, Pis-1 had an 87%α-helical structure in SDSmicelles but only
a 69% α-helical structure in DPC micelles. These results imply that
electrostatic interaction between the positively charged peptides and
the membrane is an important factor in determining molecular
recognition and binding. Membrane binding induces the formation of
secondary structures in peptides. Peptoid residue-substituted peptide,
Pis-1[NkG] had a much lower content of α-helical structure than did
Pis-1 or Pis-1[PG].
3.9. Resonance assignment and structure of Pis-1[PG] and Pis-1[NkG]
The Pis-1[NkG] spectra in the SDS micelles suffered from severe
spectral overlapping; thus, NMR experiments were performed in 50–
150 mM DPC micelles and the Pis-1[NkG] data were compared with
those of Pis-1[PG]. DPC micelles have been used to mimic the
zwitterionic bilayers in structural studies of antimicrobial peptidesubated with 10 μg/ml of FITC-labeled Pis-1 (A and B), FITC-labeled Pis-1[PG] (C and D),
Panels on the right represent a normal image of the bacteria while images on the left
Fig. 6. CD spectra of Pis-1 (●), Pis-1[PG] (▽) and Pis-1[NkG] (■) in a 50mMDPCmicelle, in a 100mM SDSmicelle, in a 1mM egg yolk PC:CH(10:1) SUV and in a 1mM egg yolk PE:PG
(7:3) SUV. The concentration of the peptide was 100 μM for DPC and SDS micelles at pH 4.1, while the concentration of the peptide was 50 μM in SUV at pH 7.2.
1919J.-K. Kim et al. / Biochimica et Biophysica Acta 1798 (2010) 1913–1925[49,50]. We performed CD experiments at different concentrations of
DPCmicelles (5–150 mM) for 100 μMpeptide. With p/l ratios from 1/
150 to 1/1500, CD data looked similar with each other, showing the
similar contents of the α-helical structure of peptides. We performed
NMR experiments for 1 mM peptide in a 50 to 150 mM DPC micelle.
The best NMR spectra were obtained in 150 mM DPC micelles at
313 K. Therefore, NMR experiments for 1 mM peptide in 150 mMDPC
micelles were used for structural determination.
It is well known that both proline and peptoid induce bent
structures in peptides. The effect of peptoid substitution on structural
ﬂexibility was investigated by determination of sequence-speciﬁc
resonance assignments for Pis-1[PG] and Pis-1[NkG], using mainly
DQF-COSY, TOCSY and NOESY data [51]. The chemical shifts of Pis-1
[PG] and Pis-1[NkG] in 150 mM DPC micelles at 313 K was referenced
to 4,4-dimethyl-4-silapentane-1-sulfonate.The NOESY spectrum of Pis-1[PG] in DPC micelles showed that
dαδ(i+1) NOE for Arg7-Pro8 was observed while there was no dαα(i+1)
NOE observed which is the characteristic of the cis isoform [52,53].
These results indicate that Pro8 exists only as a trans isoform in DPC
micelles. Fig. 7 shows the NOESY spectra with the sequential
assignments for Pis-1[NkG] in the NH-CαH region. In contrast to Pis-
1 PG, Pis-1[NkG] showed two sets of resonances corresponding to the
cis and trans isomers, indicating that Pis-1[NkG] existed as a mixture
of cis and trans isomers (Fig. 7). It has been reported that
interconversion between two peptoid oligomer isomers, by rotation
around amide bonds, is slow on the chemical shift time scale [54–56].
There were two sets of resonances for the two alpha protons of the
Nlys8 residue at 3.971 and 3.996 ppm for trans isomers and at
4.294 ppm for cis isomers. The amide proton of Ile9 had two sets of
resonances at 7.897 and 8.536 ppm for the trans and cis peptide bond,
Fig. 7. NH-CαH region NOESY spectra of Pis-1[NkG] in 150 mM DPC micelle at pH 4.1 and 313 K.
1920 J.-K. Kim et al. / Biochimica et Biophysica Acta 1798 (2010) 1913–1925respectively. The intensities of NOE peaks for these sets of resonances
in the NOESY spectra of cis and trans isomers were identical, and the
intensities of peaks in TOCSY spectra for these sets of resonances were
also similar. These results imply that the populations of both forms are
identical. Fig. 8A and B shows the NOE contacts for the cis and trans
isomers of Pis-1[NkG]. In the case of the trans isomer, the side chain of
Nlys8 shows many NOEs with the side chain of Arg7. In the case of the
cis isomer, no NOEs were observed between the side chain of Nlys8
and the side chain of Arg7. However, the sequential backbone NOE
connectivities and the other NMR data such as temperature co-
efﬁcients, coupling constants and chemical shift index were very
similar for both isomers, as illustrated in Fig. 9. A number of non-
sequential NOE connectivities characteristic of an α-helix, speciﬁcally
dαN(i,i+3) and dαN(i,i+4), were observed for the C-terminal region of
both peptides. The amide proton temperature coefﬁcient has been
used to predict hydrogen bond donors, and values above –4.5 ppb/K
indicate that the amide proton is involved in intramolecular hydrogen
bonding [57]. The 1H chemical shift deviation was based on the
method of Wishart and colleagues; a dense grouping of four or more
−1 chemical shift index values not interrupted by a +1 value
indicates the presence of an α-helix in this region [58]. 3JHNα coupling
constants, temperature coefﬁcients and chemical shift indices of cis
and trans isoforms of Pis-1[NkG] showed that α-helices of both forms
were less stable than those of the Pis-1[PG] structure. These results
agree well with the CD data and imply that Pis-1[NkG] has a much
more ﬂexible structure than does Pis-1[PG].
To calculate the tertiary structures of Pis-1[PG] and Pis-1[NkG], we
used, as experimental constraints, sequential (|i− j|=1), medium-
range (1b |i− j|≤5), long-range (|i− j|N5) and intraresidual distances
and hydrogen bonding and torsion angle limitations. Of the structuresthat were accepted, with small deviations from the idealized covalent
geometry and the experimental constraints (≤0.05 Å for bonds, ≤5º
for angles, ≤5º for chirality, ≤0.3 Å from NOE constraints and ≤3º
from torsion angle constraints), we analyzed 20 output structures
with the lowest energy. Fig. 10A–C shows the superposition of the 20
lowest-energy structures of Pis-1[PG] and cis and trans isomers of Pis-
1[NkG] over the backbone atoms, in 150 mM DPC micelles. The
average root mean square (RMS) deviations from an idealized
geometry for bonds and angles of Pis-1[PG], cis-Pis-1[NkG] and
trans-Pis-1[NkG] are 0.004 Å and 1.98°, 0.003 Å and 0.446° and
0.003 Å and 2.512°, respectively. None of the structures had violations
greater than 0.5 Å from the NOE distance constraints or 3º from
dihedral angle constraints, and all structures exhibited good covalent
geometry. As listed in Table 3, superimposition of the 20 lowest-
energy structures from residue Val10 to Val20 of Pis-1[PG], cis-Pis-1
[NkG] and trans-Pis-1[NkG] over the backbone atoms showed that the
root mean squared deviations from themean structures were 0.271±
0.06 Å, 0.398±0.13 Å and 0.422±0.13 Å for the backbone atoms
(N, Cα, C′, O) and 0.815±0.08 Å, 0.898±0.12 Å and 0.992±0.13 Å
for all heavy atoms, respectively. Fig. 11A–C shows the average
structures of Pis-1[PG], the cis and trans isomers of Pis-1[NkG].
According to a Procheck analysis, Pis-1[PG] has a bent structure at
Pro8 and an α-helix from Val10 to Thr21. The cis and trans forms of Pis-
1[NkG] also have a ﬂexible bent structure at Nlys8 and anα-helix from
Ile9 to Thr21 and from Val10 to Thr21, respectively. Over 99% residues
are in the allowed region in Ramachandran plots (data not shown).
These results indicate that Nlys8 forms a ﬂexible hinge, suggesting
that this hinge at the central region of a helical antimicrobial peptide
is important for penetrating the cell membrane and conferring high
selectivity against bacterial cells. The cis and trans forms of Pis-1[NkG]
Fig. 8. NOE contacts and the structures of cis- (A) and trans- (B) Pis-1[NkG].
1921J.-K. Kim et al. / Biochimica et Biophysica Acta 1798 (2010) 1913–1925also have a ﬂexible bent structure at Nlys8 and an α-helix from Ile9 to
Thr21 and from Val10 to Thr21 , respectively. Over 99% residues are in
the allowed region in Ramachandran plots (data not shown). These
results indicate that Nlys8 forms a ﬂexible hinge, suggesting that this
hinge at the central region of a helical antimicrobial peptide is
important for penetrating the cell membrane and conferring high
selectivity against bacterial cells.
4. Discussion
Incorporation of peptoid residues into various antimicrobial
peptides is a promising strategy for the rational design of cell-
selective antimicrobial peptides that act via an intracellular target
mechanism [31–33]. This has proven to be a particularly effective
solution to the problem of poor bioavailability of peptide drugs, which
are typically rapidly degraded by proteases. Peptoids were among the
ﬁrst reported peptide backbone-modiﬁed peptidomimetics and have
extended the useful range of peptides as therapeutic agents [29,30]. In
a recent study, we described peptoid residue-containing derivatives of
the antimicrobial peptides, melittin, tritrpticin and indolicidin that
incorporated one or two peptoid residues [31–33]. In each case,
substitution of peptoid residues in these antimicrobial peptides
resulted in a drastic increase in bacterial cell selectivity compared to
proline substitution. Laying the groundwork for our previous reportwas the knowledge that substitution of a proline residue for Gly8 in
Pis-1, which creates a helix–bend–helix structure, played a very
important role in the bacterial cell selectivity of Pis-1[PG] [17].
Because the side chain of a peptoid residue arises from the backbone
nitrogen, the cis conformation of the amide bond linking the amino
acid and peptoid residue can be more highly populated than in a
normal peptide bond. Therefore, a peptoid residue can provide more
ﬂexibility to the structure of an antimicrobial peptide than can a
proline residue.
The therapeutic potential ofpeptide antibiotic drugs lies in theability
of the peptide to effectively kill bacterial cells without exhibiting
signiﬁcant cytotoxicity toward mammalian cells. This property is
conveyed by the concept of the therapeutic index, which is the ratio
of the minimally effective concentration against human cells (in this
case hRBCs) to the minimally effective concentration against bacterial
cells. These values are summarized in Table 2, which presents the
minimal concentrations of peptides producing hemolysis of hRBCs
(MHCs), and the minimal concentrations that are toxic to bacteria
(MICs), averaged across all six bacterial strains, to obtain the GM values
that form the basis of the therapeutic index (MHC/GM). A high
therapeutic index is thus an indication of two preferred characteristics
of the peptide: a high MHC (low hemolysis) and a low MIC (high
antimicrobial activity). The Gly→Pro analog, Pis-1[PG], had a higher
therapeutic index than had Pis-1, and all peptoid-substituted peptides
Fig. 9. Summary of the NOE connectivities, 3JHNα coupling constants (●: JHNαb6 Hz),
temperature coefﬁcients and CαH chemical shift indices for (A) Pis-1[PG], (B) cis-Pis-1
[NkG] and (C) trans-Pis-1[NkG] in 150 mM DPC micelles. The thickness of the line for
the NOEs reﬂects the intensity of the NOE connectivities.
1922 J.-K. Kim et al. / Biochimica et Biophysica Acta 1798 (2010) 1913–1925had higher therapeutic indices than had either Pis-1 or Pis-1[PG]. We
further examined the cytotoxicity of the peptides by testing their ability
to lyse mouse ﬁbroblastic NIH-3T3 cell. Among all peptides, Pis-1[NkG]
showed the lowest cytotoxicity against mammalian cells as well as the
highest bacterial cell selectivity.
It is well established that the cytotoxicity of antimicrobial peptides
against mammalian cells is related to both the hydrophobicity and the
α-helicity of the peptide. Our CD data demonstrated that the α-
helicity content of Pis-1[NkG] peptide was much lower than that of
Pis-1 or Pis-1[PG]. Based on retention time in reverse phase (RP)-
HPLC, Pis-1[NkG] was the least hydrophobic of all peptides (Table 1)
and, as noted above, had the highest bacterial cell selectivity.
Therefore, the decrease in cytotoxicity of Pis-1[NkG] toward mam-
malian cells, compared to Pis-1 and Pis-1[PG], can be correlated by
both increased structural ﬂexibility, decreased α-helicity and de-
crease in hydrophobicity.Solid-state NMR analyses have demonstrated that Pis-1 bound to
lipid bilayer interacts with the aqueous environment [16,59]. Recent
MD simulation study showed that Pis-1 has much stronger interac-
tions with the lipid head group compared to Pis-1 PG [60]. It is likely
that Pis-1, which has amphipathic linearα-helices, may cause damage
to both the bacterial and the mammalian cell membrane by forming
pores or disintegrating the membrane. Also, multichannel experi-
ments with Pis-1 incorporated into azoletin planar bilayers have
yielded reproducible I–V curves at various peptide concentrations,
and unambiguously showed that this peptide permeabilized the
membrane; the characteristics of the ion channels conﬁrmed that Pis-
1 was more likely to permeabilize the membrane by toroidal-pore
formation [18]. Furthermore, a recent study on MD simulation has
shown that piscidin may bind at the edge of the pore in an oblique
orientation [61]. The location of the peptide in the membrane is
important for their toxicities as well. It has been reported that Rat
IAPP1-19 (islet amyloid polypeptide) is considerably less toxic than
human IAPP1-19, despite differing by only one residue (a substitution
of arginine for histidine at residue 18). A recent NMR study showed
that this difference in toxicity of the two peptides is associated with a
corresponding difference in membrane-binding topology. At neutral
pH, hIAPP1-19 is buriedwithin themicelle, whereas rIAPP1-19 adopts
a surface-associated binding mode [62].
In this study, to probe this question more directly and to address
the antimicrobial mechanism of action of these peptides, we
compared the ability of Pis-1 and its derivatives to damage microbial
and microbial-mimetic membranes. In the ﬁrst set of experiments,
peptide-induced leakage of a ﬂuorescent dye entrapped within LUVs
of varying phospholipid composition was tested. Both the parental
Pis-1 peptide and Pis-1[PG] induced very strong leakage of dye from
negatively charged bacterial membrane-mimetic phospholipid vesi-
cles, consistent with a mechanism that involves bacterial membrane
targeting. Interestingly, Pis-1[NkG] was much less effective in
promoting dye leakage, suggesting that Pis-1[NkG] may act by a
different mechanism. To further explore this apparent difference, we
examined the abilities of Pis-1 and its analogs to depolarize the
cytoplasmic membrane of Gram-positive S. aureus using the mem-
brane potential-sensitive ﬂuorescent dye, diSC3-5. Consistent with the
results from dye-leakage experiments, we found that both Pis-1 and
Pis-1[PG] caused signiﬁcant depolarization of the membrane. Pis-1
was extremely effective at all concentrations tested, and although Pis-
1[PG] was less effective at the lowest dose (1 μM), this peptide
showed a strong dose-dependent increase in membrane potential
depolarization (Fig. 3). In contrast, Pis-1[NkG] were much less effective
at depolarizing the membrane potential of S. aureus spheroplasts.
Furthermore, confocal laser-scanning microscopy showed that Pis-1
[NkG] effectively penetrated themembrane of E. coli and accumulated in
the cytoplasm, whereas Pis-1 and Pis-1[PG] did not penetrate the cell
membrane, but remained outside or on the cell membrane. Collectively,
these results suggest that the bactericidal action of peptoid containing
Pis-1[NkG] may reﬂect inhibition of intracellular systems after pene-
tration of the bacterial cell membrane. A similar result was found in our
previous study, in which a Trp/Arg-rich short antimicrobial peptide,
tritrpticin (TP), did not penetrate the membrane but remained outside
or on the cell surface of E. coli and S. aureus, while Nlys-substituted
tritrpticin (TPk) effectively penetrated the membrane of these two
bacterial cells and accumulated in the cytoplasm [31]. Taken together,
our results suggested that the ability of Pis-1[NkG] to penetrate
the bacterial cell membranes appears to involve the dual effects that
are related to the increase in the positive charge and the peptide's
conformational ﬂexibility by Nlys substitution. Recently, various
experiments on the lipid bilayer that mimic bacterial or mammalian
cell membranes, such as differential scanning calorimetry, infrared
spectroscopy and isothermal titration calorimetry have been used
to provide mechanistic insight of the antimicrobial peptides as well
[63,64].
Fig. 10. The superpositions of the 20 lowest-energy structures calculated from the NMR data for (A) Pis-1[PG], (B) cis-Pis-1[NkG] and (C) trans-Pis-1[NkG] in 150 mM DPC micelles.
For Pis-1[PG] and Pis-1[NkG], the backbone atoms of residues 10 to 21 were superimposed.
1923J.-K. Kim et al. / Biochimica et Biophysica Acta 1798 (2010) 1913–1925Importantly, this report provides the ﬁrst description of the
solution structure of a peptoid-substituted antimicrobial peptide. To
investigate the structure–activity relationship of Pis-1[NkG], we
analyzed tertiary structure by NMR spectroscopy. Here, we have
shown that the structural ﬂexibility provided by the peptoid residue
in piscidin is the key factor of its antimicrobial function. Pis-1[NkG]
showed two sets of NMR resonances and existed in a dynamic
equilibrium of cis and trans isomers, whereas Pis-1[PG] existed as a
single trans conformer with a rigid bent structure. It is well known
that peptoid residues have β-turn-forming potential as well as the
ability to break α-helices [65,66]. We found that both cis and trans
isoforms of Pis-1[NkG] have bent structures at Nlys8 in DPC micelles,
as shown in Fig. 11. The structural ﬂexibility conferred by the dynamic
equilibrium between the two isomers of Pis-1[NkG] facilitatesTable 3
Structural statistics and mean pairwise root mean squared deviations (RMSD) for the 20 lo
Experiment distance constraints Pis-1[PG]
Total 254
Sequential 60
Medium range 70
Intra-residue 102
Hydrogen-bond constraints 6
Dihedral angle constraints 16
RMSD from experimental geometry
NOE (Å) 0.049±0.0
f (deg) 0.157±0.1
RMSD from covalent geometry
Bonds (Å) 0.004±0.0
Angles (deg) 0.503±0.0
Impropers (deg) 0.306±0.0
Average energies (kcal mol−1)
Etot 66.76±2.8
ENOE 28.44±1.9
Etor 0.03±0.03
Erepel 3.26±0.92
RMSD from the mean structure
Backbone atoms of residues (10–20, 10–20, 10–20) 0.271±0.0
All heavy atoms of residues (10–20, 10–20, 10–20) 0.815±0.0
ENOE, Etor and Erepel are the energies associated with NOE violations, torsion angle violation
(ENOE) and torsion angle (Etor) potentials were calculated with force constants of 50 kcal mo
repulsion term (Erepel) were calculated with a force constant of 4 kcal mol−1 Å−4. The RMSD
all residues of the 20 converged structures. The numbers given for the backbone and all hepenetration of bacterial membranes and accumulation in the cyto-
plasm. In contrast, Pis-1[PG], with a rigid bent structure conferred by
proline, did not penetrate the bacterial cell membrane but remained
outside or on the cell membrane, where it effectively depolarized the
membrane potential of S. aureus spheroplasts and induced rapid and
effective dye leakage from bacterial membrane-mimicking liposomes.
A 15N solid-state NMR study has shown that piscidin that is active on
the membrane surface may represent a class of fast scavengers rather
than static polypeptides attached to the water–lipid interface.
Therefore, global motions in piscidin and its analogs might be im-
portant to its antimicrobial function [67].
In summary, our results indicate that introduction of a Lys peptoid
residue (Nlys) at position 8 of Pis-1 provides more conformational
ﬂexibility than does a proline residue and increases the positivewest-energy structures of Pis-1[PG] and Pis-1[NkG] in 150 mM DPC Micelles at 313 K.
Pis-1[NkG](cis) Pis-1[NkG](trans)
285 283
79 81
47 47
137 133
5 5
17 17
0 0.040±0.00 0.038±0.00
0 0.063±0.12 0.232±0.12
0 0.003±0.00 0.003±0.00
1 0.446±0.01 2.512±0.00
1 0.422±0.00 2.164±0.00
6 58.14±1.47 942.07±2.08
1 20.92±1.40 19.21±1.59
0.02±0.07 0.07±0.06
2.91±0.67 4.77±1.12
6 0.398±0.13 0.422±0.13
8 0.898±0.12 0.992±0.13
s and the van der Waals repulsion term, respectively. The values for square-well NOE
l−1 Å−2 and 200 kcal mol−1 rad−2, respectively. The values of the quartic van der Waals
values were obtained by best ﬁtting the backbone atom (N, C, C′ and O) coordinates for
avy atoms represent the mean values±standard deviations.
Fig. 11. Ribbon diagram of the average structures of (A) Pis-1[PG], (B) cis-Pis-1[NkG] and (C) trans-Pis-1[NkG] in 150 mM DPC micelles.
1924 J.-K. Kim et al. / Biochimica et Biophysica Acta 1798 (2010) 1913–1925charge at the hinge region; both of these factors facilitate penetration
of the bacterial cell membrane and confer strong bacterial cell
selectivity on Pis-1[NkG]. Also, Peptides containing peptoid residues
may be good candidates for the development of a new class of potent
antimicrobial drugs that are largely devoid ofmammalian cell toxicity.
These peptides could also potentially serve as a template for the
development of peptide antibiotics for the treatment of sepsis as well
as microbial infection. This study shows that peptoid substitution is a
promising strategy for the design of new short bacterial cell-selective
antimicrobial peptides.
5. Supporting information available
The topology and parameter data of lysine peptoid for generation
of template PDB and macro for generation of cis-peptoid PDB are
available in supplementary data.
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